Abstract
Gaucher's disease is the most often encountered lysosomal storage disease. 1 It is caused by a drastic reduction in glucocerebrosidase activity that results in the lysosomal storage of glucocerebroside. The autosomal recessive disorder is clinically heterogeneous and has historically been divided into three subtypes. Type I is characterised by a lack of central nervous system disease; symptoms may include hepatosplenomegaly, anaemia, pancytopenia, and progressive bone disease. Onset may be in childhood or adulthood and in the mildest forms patients may be clinically asymptomatic. Type II presents in infancy with gross neurological deterioration, as well as the symptoms of type I, and early death. Type III is a less acute form with childhood onset and more slowly progressive neurological disease. The variable phenotype is probably related to diVerent mutations in the functional glucocerebrosidase gene, but molecular analysis has often shown a poor correlation between genotype and phenotype and it is highly likely that another factor or factors contributes to the phenotypic presentation. 2 Type I disease is present at a high frequency in Ashkenazi Jews, 3 whereas type III is common in Norbottnian Swedes. 4 We describe mutation analysis in 46 British and Irish patients to illustrate the diVerent mutation frequency in this population compared with that well documented in other countries.
Patients and methods
The diagnosis of Gaucher's disease was initially made by the assay of glucosidase in white blood cells, or in one case by an assay of uncultured chorionic villi. 5 Genomic DNA from 46 unrelated patients with Gaucher's disease was isolated from peripheral blood leucocytes, cultured skin fibroblasts, or homogenised chorionic villi by boiling in 50 mmol/l NaOH followed by neutralisation with 1 mol/l TRIS/HCl pH 7.5.
Screening for IVS2+1, N370S, D409H, L444P, R463C, and R496H point mutations was performed by polymerase chain reaction (PCR) amplification and restriction enzyme digestion. 3 Screening for the 84GG insertion was performed by the amplification refraction mutation system (ARMS) 6 using wild type and mutant specific primers. Table 1 gives the primers, annealing temperatures, and restriction enzymes used.
All primers used were positioned in regions of the glucocerebrosidase gene where the closely related pseudogene sequence was absent or non-homologous so that only the active gene was amplified. D409H, L444P, and R463C 5' primers and the N370S 3' primer were all positioned within the genomic region 5878-5932, a 55bp region in exon 9, which is deleted in the pseudogene. Genomic numbering is as described by Horowitz et al. 7 cDNA nucleotide numbers begin with the A of the upstream initiator ATG. 2 Polymerase chain reaction amplification of exon 9 was performed on patients apparently homozygous for these mutations and also on all patients with unknown mutations. Sequencing of exons 9 and 10 was performed on patients heterozygous or homozygous for the L444P mutation to detect the complex recombinant alleles RecNciI (containing point mutations L444P, A456P (c1484C) and V460V (1498C)) and RecTL (containing point mutations D409H, L444P, A456P and V460V), formed by crossing over between the active gene and pseudogene or by gene conversion. 8 9 This also distinguishes between L444P and L444R (c1448G) mutations, 2 which is not possible by digestion with NciI. The presence of all R463C mutations was confirmed by sequencing exon 10 to distinguish them from the adjacent R463H (c1505A) 2 and new N462K mutation, identified in this study.
Sequencing of both strands of exons 9 and 10 was carried out in a two stage amplification using the primers shown in table 1. 10 The second stage PCR products of exons 9 and 10 were purified using the QIAquick PCR purification kit (QIAGen) and sequenced using ABI Prism dye terminator cycle sequencing ready reaction kits containing Amplitaq DNA polymerase, FS (Perkin Elmer) and analysed on an ABI Prism 377 DNA sequencer. The resultant sequences were imported into Sequence Navigator (Perkin Elmer) for alignment, editing, and mutation analysis. Samples found to have a deletion in exon 9 after PCR were analysed by excising individual DNA fragments from 2% agarose gel and purifying using the QIAquick gel extraction kit (QIAGen) before sequencing.
Results and discussion
Initial screening for the IVS2+1, N370S, D409H, L444P, R463C, and D496H mutations was performed by digestion with the appropriate restriction enzymes after amplification using PCR and functional gene specific primers (table 1) . This method alone is unreliable for the N370S, L444P, and R463C mutations. Firstly, mutations adjacent to L444P and R463C create or destroy restriction sites for NciI and MspI, preventing accurate identification of these mutations by restriction digestion analysis. Hence it is essential to confirm the presence of these mutations by sequencing. One patient, apparently heterozygous for R463C, was subsequently shown to carry a previously undescribed mutation N462K by automated sequencing. This mutation is a C→G transversion at cDNA 1503. It disrupts the MspI recognition site CCGG, as does R463C. Secondly, the five prime primers for N370S L444P and R463C are located in a position where the pseudogene has a 55bp deletion. This deletion, however, is also known to occur in the functional gene (c1263del) 10 and, if present, would result in a false homozygous result for any of the above mutations. To overcome this problem it is essential that the c1263del should be screened for. This can be done by PCR amplification of exons 9 to 11. The amplification products are then reamplified using nested primers spanning exon 9. In patients with the 55bp deletion, three bands were seen after electrophoresis, one band with increased mobility and one with decreased mobility compared with the single band seen in normal subjects (data not shown). The presence of three bands was at first surprising; however, after excision from the gel the three bands were sequenced using fluorescent dye terminator cycle sequencing. As expected, the smallest band was shown to contain the 55bp deletion at genomic position 5878-5932 ( fig 1B) , whereas the least mobile band was found to be a heteroduplex of the normal and c1263del alleles (data not shown). Its reduced mobility in agarose gels probably resulted from the unpaired 55bp loop retarding migration. False homozygosity for L444P (one patient L444P/c1263del+RecTL) and R463C (one patient R463C/c1263del) was seen using restriction digestion and the presence of the c1263del allele was later shown by amplification of exon 9 and sequencing as described earlier. Misgenotyping due to the presence of a deletion has been reported by Beutler et al, who identified a patient erroneously diagnosed as homozygous N370S, but actually N370S/total gene del.
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The L444P mutation can arise by one of two mechanisms. The first is as a simple point mutation. This mutation occurs naturally, however, in the pseudogene sequence and can be incorporated into the functional gene by crossover events. Two such events have been reported, designated RecNciI 7 and RecTL. 9 The former results in the incorporation of three mutations naturally occurring in the pseudogene sequence into the functional gene, L444P, A456P, and V460V. Crossover in the RecTL mutation incorporates a fourth mutation present in the pseudogene D409H. This mutation may also be present due to a simple point mutation in some subjects. 12 All patients found to have the L444P mutation were further investigated for recombinant mutations by automated dye terminator cycle sequencing, those with RecNciI by sequencing exon 10, and those with RecTL by sequencing exons 9 and 10 after identification of the D409H mutation by restriction analysis. Figure 2A and 2B show the presence of the three mutations L444P (in the homozygous state) and A456P and V460V (in the heterozygous state) in a patient with the genotype L444P/RecNciI compared with a normal sequence.
In this study, using these techniques, we identified two more unique recombinant events in this region of the glucocerebrosidase gene. One mutation includes both the four RecTL mutations and the c1263del deletion. Sequencing of exon 10 revealed the L444P, A456P, and V460V mutations (fig 3A) , whereas sequencing of the smaller exon 9 band excised from agarose gel showed the presence of c1263del and D409H (fig 4) . This mutation appears to have arisen by a recombination between the active gene and the pseudogene occurring .............................. ................................................................................................................................................................................................. 
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Figure 2 Electrophoretogram of dye terminator sequencing of part of exon 10. (A) Patient heterozygous for RecNciI and L444P and (B) normal control. *, L444P mutation (T→C); N1, A456P mutation (G→C); and N2, V460V mutation (G→C).
between genomic 5588-5877 and 6483-7314. As a result of the great homology between the pseudo and functional genes, the exact break points could not be determined. It has been designated c1263del+RecTL and was combined with an L444P point mutation in the one patient identified. The second recombinant mutation introduces both the L444P and A456P mutations into the functional sequence, but the V460V mutation is not involved ( fig  3B) . This mutation has been designated RecA456P and appears to be due to recombination between the active and pseudogene occurring between genomic 5957-6272 and 6469-6481, as the C→T diVerence normally present in the pseudogene was identified at position 6272 of the functional gene by sequencing. The D409H mutation at the end of exon 9 was also shown to be absent (data not shown). Identification of these new crossover events brings to five the number of recombinant mutations so far described in the glucocerebrosidase gene. 2 The distribution of the 10 mutations screened for and new mutations identified is shown in tables 2 and 3 (mutations 84GG, R496H, and RecTL were not detected). All mutations were identified in the four Ashkenazi Jewish patients, two being homozygous N370S and the other two heterozygous N370S (N370S/RecNciI and N370S/R463C). The distribution of mutations in this limited population correlates well with that found by other studies of Ashkenazi Jewish patients. 3 13 The N370S mutation has been reported to be associated with mild non-neurological disease.
14 All four of our patients homozygous for N370S have adult onset type I disease. Complete genotyping has clarified the prognosis for these patients, who may be considered for enzyme replacement treatment, and has allowed carrier detection for family members. This, however, has created counselling dilemmas with the identification of genetically aVected (N370S/ N370S and N370S/R463C), but clinically normal, siblings. 15 Of the 24 non-Jewish patients of British and Irish origin with type I Gaucher's disease, 89% of mutations were identified, the three most common being N370S (29%), L444P (25%), and R463C (21%) (table 2). With three exceptions patients heterozygous for the N370S (table 3) . Nine other patients with type I disease had childhood onset disease. Two of these had the genotype L444P/L444P, once thought to be consistently associated with severe disease and central nervous system involvement. 14 Later reports support our finding that this genotype may also result in non-neurological disease. 2 16 17 The elder of our two patients is 30 years old and has no neurological disease, although she has severe bone disease.
Figure 3 Electrophoretogram of dye terminator sequencing of part of exon 10. (A) Patient heterozygous for L444P and c1263del+RecTL mutations and (B) patient heterozygous for N370S and RecA456P mutations. N1, A456P mutation (G→C); N2, V460V mutation (G→C).
The R463C mutation is more prevalent in this population than reported in other nonJewish populations 14 and has probably been underreported. Only one study of the UK population has included this mutation. 18 19 We found one adult patient with type I disease with homozygous R463C using both restriction enzyme digestion and sequencing. This is the first patient identified to be homozygous for this mutation. 2 The patient had a mild adult onset phenotype, suggesting that R463C is a relatively mild mutation.
All four patients with type III disease were homozygous L444P. Homozygosity for this mutation is associated with type III disease in Norbottnian Swedes 4 ; however, this correlation between genotype and phenotype cannot be applied to other populations.
Of the 12 patients with type II disease, only 54% of mutations were identified, most (42%) being heterozygous L444P/unknown. The high proportion of unknown mutations in patients with type II disease makes carrier testing of family members and their partners problematic. Only two patients had a complete genotype, one being homozygous L444P and one L444P/c1263del+RecTL.
The c1263del deletion in exon 9 has been previously reported to be rare, 20 but may be more prevalent in the British and Irish population than elsewhere. As its presence can cause erroneous classification of other genotypes it should be included in any mutation screening programme. Our study has shown that, except for the N370S mutation, the correlation between genotype and phenotype is poor in British and Irish patients with Gaucher's disease and other factors must contribute to clinical presentation. Complex recombinant alleles, deletions, and new mutations were found in a significant proportion of patients, indicating that detailed mutation analysis using sequencing is required to accurately genotype these patients to understand the implications for phenotype and to provide reliable carrier detection within the family. 
